We investigate the dynamical condensation process in a magnetized thermally bistable medium. We perform one-dimensional two fluid numerical simulations that describe the neutral and ionized components in the interstellar medium with purely transverse magnetic fields. We find that the cloud that is formed by the thermal instability always has magnetic field strength on the order of a few µG irrespective of the initial strength. This shows good agreement with the measurements of the magnetic field strength in diffuse clouds. We analytically show that the final magnetic field strength in the cloud that is formed as a consequence of the thermal instability is determined by the balance between ambipolar diffusion and accumulation of the magnetic field due to the condensation.
INTRODUCTION
It is widely known that the low-and mid-temperature parts of the interstellar medium (ISM) are described as a thermally bistable medium that results from the balance of radiative cooling and heating (Field et al.1969; Wolfire et al. 1995 Wolfire et al. , 2003 . The stable two-phases are called the cold neutral medium (CNM), and the warm neutral medium (WNM).
Thermal instability (TI) is the most promised formation mechanism of the CNM (Field 1965) . Recently, many authors are studying dynamical condensation process of the ISM driven by TI. Koyama & Inutsuka (2000 , 2002 , , and Inutsuka et al. (2005) studied the turbulent CNM formation as a result of TI in the layer compressed by a shock propagation. Hennebelle & Pérault (1999 , Audit & Hennebelle (2005) , Heitsch et al. (2005 Heitsch et al. ( , 2006 , and Vazquez-Semadeni et al(2006a, b) studied an analogous process in supersonic conversing flows that essentially includes two shock waves. However, there are less studies that take into account the effect of magnetic field on the TI (Elmegreen 1997; Hennebelle & Pérault 2000; Lim et al. 2005; Hennebelle & Passot 2006) .
Measurements of the magnetic field in the CNM (diffuse clouds) from the Zeeman effect give values around 5 µG (Myers et al. 1995; Heiles & Troland 2005) . It shows that thermal and magnetic pressures in the diffuse clouds are comparable (plasma beta: β = p thermal /p mag ∼ 1). Thus the effect of magnetic field on the TI is obviously important.
In the case of a one-dimensional condensation process with a magnetic field that frozen in the fluid (ideal-MHD), magnetic pressure increases in proportion to the square of the gas density, if direction of the fluid motion is not perfectly aligned with the magnetic field. Thus, during condensation, magnetic pressure seriously affects the TI. Hennebelle & Pérault (2000) shows that magnetic pressure prevent the TI in their one-dimensional numerical simulation, if the initial angle between magnetic field and fluid velocity is larger than 20
• with a few µG initial field strength. Furthermore, even if the CNM is formed as a result of the TI, the resulting CNM would be occupied by material with low β (see Lim et al 2005) , be-1 Department of Physics, Graduate Scool of Science, Kyoto University, Sakyo-ku, Kyoto 606-8588, Japan; tsuyoshi@tap.scphys.kyoto-u.ac.jp 2 Department of Astronomy, University of Maryland cause perfect alignment between magnetic and velocity field is rare. This seems to contradict the observational suggestion that the magnetic field strength is independent of the density in the range 0.1 to 100 cm −3 , i.e., the WNM and CNM have roughly the same field strengths (Troland & Heiles 1986) .
However, aforementioned studies on the TI that take into account the effect of magnetic field do not include the realistic diffusion process of the magnetic field. In this letter, to deal with the realistic process of ambipolar diffusion during the TI, we perform one-dimensional two-fluid numerical simulations with purely transverse magnetic field.
THE MODEL

Basic Equations and Numerical Scheme
We consider the equations of one-dimensional hydrodynamics and magnetohydrodynamics that have purely transverse magnetic field including collisional coupling between neutral and ionized gases (Draine 1986 ). The neutral fluid part also includes radiative cooling, heating, and thermal conduction.
where 
Here subscripts n and i denote the neutral and ion components, respectively. We use the specific heats ratio γ = 5/3 and the mean particle masses as m n = m i = 1.27 m p . The drag coefficient A, the recombination coefficient α, the ionization coefficient ξ, and the thermal conductivity κ are chosen to simulate the typical ISM whose properties are listed in Table  1 . We use operator-splitting technique for solving the equations; the second-order Godunov method (van Leer 1979) for the inviscid fluid parts, and second-order explicit time integration for the cooling, heating and thermal conduction parts. The parts of ionization, recombination, and frictional-forces/-heatings are updated using piece-wise exact solutions for each time interval.
Cooling Function and Numerical Settings
We take the following simplified net cooling function that approximate realistic cooling function:
where
T , (Nagashima et al. 2006) . This is obtained by fitting to the various heating (Γ) and cooling (Λ) processes considered by Koyama & Inutsuka (2000) . The resulting thermalequilibrium state defined by L = 0 is shown in Figure 1 as a thick solid line. In all of computations shown bellow, we use N cell = 4096 grid points covering a L = 4 pc region. Thus the spatial resolution is ∆x = L/N cell ≃ 10 −3 pc that satisfies the Field condition ). We impose a periodic boundary condition. The initial condition of the neutral gas is static and uniform thermally unstable equilibrium whose gas pressure is p n /k B = 3500 K cm −3 , and that of the ionized gas is determined from ionization equilibrium (in this case X i = n i /n n = 3.10 × 10 −2 ) with the same temperature to the neutrals. In order to excite the TI, we add density fluctuations to the neutral gas as
where θ(l) is a random phase. we use A = 0.05 n n,ini and l max = 20 in all runs. As indicated in Hennebelle & Pérault (2000) , the transverse component of magnetic field strongly affects non-linear evolution of the TI, even if initial the angle between magnetic and velocity fields is small. In order to study non-linear effect of magnetic pressure and ambipolar diffusion, we initially set purely uniform transverse magnetic field whose strength is B ini = 0, 0.03, 0.1, 0.3, and 1.0 µG.
To contrast the effect of the ambipolar diffusion, we also performe the ideal-MHD simulation that have same cooling function and thermal conduction with B ini = 1.0 µG.
RESULTS
The density evolution
In all runs except the ideal-MHD case, the TI can fully develop and makes two-phase medium (CNM and WNM). On the other hand, in the ideal-MHD case, magnetic pressure prevents condensation and the TI cannot generates the CNM. In the case of two-fluid calculation, density evolution of the neutral gas is similar to that reported in . At first over-density perturbations grow to the CNM phase. The most unstable scale of the perturbation is written as l TI ≃ √ l a l F (Field 1965 ) that is ∼ 1 pc in the unstable equilibrium and 0.1 pc in the CNM, where l a ≡ c s t cool is a acoustic scale (the sound traveling scale within a cooling time) and l F ≡ κ T /n 2 Λ is the Field length. The growth timescale of the condensation is determined by the cooling time t grow ∼ t cool ≡ k B T /nΛ/(γ − 1) ∼ 1 Myr in the unstable equilibrium and ∼ 0.1 Myr in the CNM. Thus the growth timescale becomes faster as they condense. Figure 2 shows the neutral gas density evolutions of the densest point in the range x ∈ [0.0, 1.5] pc in which contains only one evolving density peak for all run. Clearly in the all two-fluid case the TI growth as fast as the unmagnetized case (B ini = 0). This shows that the ambipolar diffusion effectively drift magnetic field from the condensing region. A quantitative estimation of a critical magnetic field strength that the ambipolar diffusion becomes effective is shown in the next section.
After the growth of over-density perturbation, less-dense perturbations grow to the WNM phase, because growth timescale of the rarefaction is determined by the heating time that is longer than the cooling time (t heat ∼ 1 Myr in the unstable equilibrium and ∼ 10 Myr in the WNM).
3.2. The pressure evolution During the evolution, the total pressure p tot = p n + p i + B 2 /8π is spatially uniform owing to the fact that the most unstable scale of the TI is smaller than the acoustic scale l TI < l a . The condensation terminates when the neutral gas reach the stable phase or magnetic pressure becomes larger than the neutral gas pressure. In our calculations, all two-fluid runs corresponds to the former case, and the ideal-MHD run corresponds to the later case. Figure 3 shows the magnetic field strength evolutions of the densest point in the range x ∈ [0.0, 1.5] pc. Amazingly, magnetic field strength in the CNM always becomes on the order of a few µG irrespective of the initial strength! The resulting β in that points at t = 10 Myr are β = 2.46, 5.55, 12.2, and 28.2 that correspond to the runs B ini = 1.0, 0.3, 0.1, and 0.03 µG, respectively. As shown in the next section, this results can be understood that the critical strength that the ambipolar diffusion sets in becomes on the order of a few µG, when the CNM is generated by the TI.
The magnetic field strength evolution
CRITICAL MAGNETIC FIELD STRENGTH
We can estimate the condensation speed of the TI as
where the spatial-and time-scale are essentially determined by the most unstable scale of the TI and the cooling time, respectively. The drift speed of the magnetic fieldline from condensing region can be estimated as follows. During the condensation the ionization degree is small (X i = 10 −2 − 10 −3 ), thus the friction-and the Lorentz-forces are in balance. In that case the drift speed can be written as (Nakano 1984; Shu 1992) where we simply replace the spatial derivative with the inverse of the most unstable scale of the TI that is the characteristic scale of the system. If the drift speed is slower than the condensation speed v drift < v TI , magnetic fieldlines are also condensed with neutrals. Such a case realizes when the magnetic field is weak. If the drift speed is faster than the condensation speed v drift > v TI , magnetic fieldlines drift from condensing region. Such a case realizes when the magnetic field is strong. Therefore, during the evolution, the magnetic field strength inside the condensing region is adjusted to v drift ∼ v TI .
Equating equations (18) and (19), the critical strength that the ambipolar diffusion becomes effective is written as follows
If we assume the ionization equilibrium and isobaric evolution, equation (20) is written as a function of the neutral number density that is plotted in Figure 4 . Note that the ionization equilibrium is not maintained during the condensation because the timescales of the recombination and ionization are, respectively, slightly smaller and larger than the cooling time. Thus this estimation overestimates the critical value during condensation. This figure shows that the critical strength B AD is not sensitive to the density. Therefore we can express (Wolfire et al. 2005 ). This value shows good agreement with our numerical experiments and the measurements in the diffuse HI cloud, and that is why the resulting magnetic field strength in the CNM always converge to the order of a few µG irrespective of the initial strength.
SUMMARY AND DISCUSSIONS
We studied dynamical condensation process of the TI that takes into account the effect of magnetic pressure and the ambipolar diffusion by one-dimensional two-fluid numerical simulation. We showed that even if β ∼ 1 initially, the TI can fully develop and generate the moderately magnetized cloud (β ∼ 1) owing to the ambipolar diffusion, whereas prevented from condensation due to magnetic pressure in the case of the ideal-MHD. Therefore, if diffuse HI clouds are formed by the TI, it is natural that observations show no increase of magnetic field strengths over the density range 0.1 to 100 cm −3 (Troland & Heiles 1986 ).
Furthermore we showed that magnetic field strength in the CNM converges to the order of a few µG irrespective of the initial strength. This result can be understood that during the condensation the magnetic field strength is tuned to the critical value owing to the accumulation of magnetic fieldline by the TI and ambipolar diffusion. The critical value becomes around 3 µG in the typical ISM (see equation [21] ). This value shows good agreement with the measurements of the magnetic field strength in the diffuse HI clouds (Myers et al. 1995; Heiles & Troland 2005) . Thus our result suggest that even if there are large fluctuation of magnetic field strength in the WNM, the strength in the diffuse clouds always becomes a few µG.
In this study, for simplisity, we choosed initial condition to the thermally unstable equilibrium. A study of more realistic situation, for example converging two flows or shock propagation, will be explored in our next paper. In the converging two flows case, ram pressure of the flows prevent ions drift, so ambipolar diffusion can become effective after the converging flows become weak.
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